Diacylglycerol (DAG) is a key signaling lipid and intermediate in lipid metabolism. Our knowledge of DAG distribution and dynamics in cell membranes is limited. Using live-cell fluorescence microscopy we investigated the localization of yeast cytosolic-facing pools of DAG in response to conditions where lipid homeostasis and DAG levels were known to be altered. Two main pools were monitored over time using DAG sensors. One pool was associated with vacuolar membranes and the other localized to sites of polarized growth. Dynamic changes in DAG distribution were observed during resumption of growth from stationary phase, when DAG is used to support phospholipid synthesis for membrane proliferation. Vacuolar membranes experienced constant morphological changes displaying DAG enriched microdomains coexisting with liquid-disordered areas demarcated by Vph1. Formation of these domains was dependent on triacylglycerol (TAG) lipolysis. DAG domains and puncta were closely connected to lipid droplets. Lack of conversion of DAG to phosphatidate in growth conditions dependent on TAG mobilization, led to the accumulation of DAG in a vacuolar-associated compartment, impacting the polarized distribution of DAG at budding sites. DAG polarization was also regulated by phosphatidylserine synthesis/traffic and sphingolipid synthesis in the Golgi. 
kinases. [8] [9] [10] Stress and nutritional conditions that induce DAG synthesis also promote TAG production and biogenesis of lipid droplets (LDs) in yeast. 9, 11, 12 Channeling of DAG into LDs takes place in the endoplasmic reticulum (ER), more specifically at the nuclear envelope 13, 14 and at the nuclear ER-vacuole junction (NVJ). 12 Therefore, LDs originate in specific ER-subcompartments where DAG concentrates in proximity to incipient LDs. 14, 15 LDs emerge from the ER and remain associated with the ER membrane even after maturation, 3, [16] [17] [18] [19] which has functional consequences for lipid and protein exchange between these organelles. TAG synthesis takes place in the ER and increases when cells enter stationary phase, 20 inducing LD growth in number and size. During stationary phase, vacuolar degradation of LDs through lipophagy supports viability in the absence of carbon sources allowing long-term survival. 21 Compared to our knowledge on the spatiotemporal details leading to DAG channeling into TAG synthesis and LD emergence, we know significantly less on how DAG produced from TAG lipolysis is directed toward synthesis of phospholipids for membrane proliferation. Upon re-entry of growth from stationary phase TAG lipolysis is mainly supported by LD-resident lipases, providing fatty acids and DAG precursors for membrane lipid synthesis to boost rapid growth. [22] [23] [24] How the metabolic flux of DAG is channeled into phospholipid synthesis while its conversion back to TAG is prevented is not well understood.
It has been suggested that turnover of LDs requires a functional interaction with the ER 25 and that the ER-resident CHO1-encoded phosphatidylserine (PS) synthase, which catalyzes the committed step in membrane phospholipid synthesis via CDP-DAG, is important to shift the balance toward synthesis of membrane phospholipids 26 and for the establishment of cell polarity. 27 A metabolic step that impacts LD consumption and the pool of DAG generated through TAG lipolysis is the conversion of DAG to PA by DGK1-encoded DAG kinase activity. 8, 28 It has been shown that this sole DAG kinase in yeast is important for proliferation during growth resumption from stationary phase, becoming essential in the absence of de novo fatty acid synthesis. 10 It is currently not known where this DAG pool is localized and how it is channeled toward the kinase. Furthermore, localization of Dgk1 has not been clearly defined. Dgk1 is an integral membrane protein initially proposed to localize to the ER, 29 although it has recently been found associated with vacuoles. 30 DAG is a minor component of eukaryotic membranes. Lipidomic studies of wild-type yeast grown in standard defined medium conditions revealed that DAG represented 4-6 mol% of total lipids. 31, 32 DAG moves freely across transbilayer membranes. [33] [34] [35] This poses technical challenges in investigations aimed at understanding DAG spatiotemporal distribution using subcellular fractionation approaches, as the lipid may shift localization upon cell disruption. Genetically ling biochemical evidences that these C1 domains specifically bind DAG with high affinity. [36] [37] [38] [39] [40] [41] [42] [43] We have previously reported the use of the C1 domain of mammalian PKCδ fused to GFP to monitor DAG in live yeast cells. 7 This domain used as a genetically encoded DAG sensor has unveiled the localization of cytosolic-facing pools of this lipid, clearly delineating sites of polarized growth in actively growing cells and vacuolar morphology. 7 The presence of DAG at the vacuolar membrane is consistent with the fact that isolated docked vacuoles display small microdomains that are enriched in DAG, which may facilitate membrane fusion by favoring nonbilayer intermediates and increased membrane curvature. 44, 45 An additional pool of DAG localized to the ER was detected with the DAG sensor 7 in a mutant known to accumulate DAG due to lack of the four enzymes responsible for the final step in the synthesis of TAG in yeast (dga1Δ lro1Δ are1Δ are2Δ). 13, [46] [47] [48] [49] [50] [51] In the present work, we investigated the localization of cytosolicfacing DAG pools in budding yeast during resumption of growth from stationary phase, when DAG is used to support phospholipid synthesis for membrane growth. We show that during this period, vacuolar 
| RESULTS AND DISCUSSION

| Monitoring cytosolic-facing pools of DAG in budding yeast
The C1 tandem domains of PKCδ (C1δ) and PKD1 (C1PKD) fused to GFP in the carboxy-or amino-end, respectively, were cloned into a centromeric yeast expression vector under a constitutive promoter for in vivo visualization of DAG pools. It is important to note that the tandem C1 domains of PKD differ from those of PKC 43 (Supporting Information, Figure S1 ). Despite their differences both of these C1 domains bind DAG with high affinity. [36] [37] [38] [39] [40] [41] [42] [43] Localization of these two probes was monitored in actively growing wild-type yeast in standard defined medium containing 2% glucose. Consistent with our previous findings using the C1δ-GFP sensor 7 one prominent localization of the C1PKD-based DAG-reporter was the vacuolar membrane ( Figure 1 ).
This was confirmed by colocalization with FM4-64, which is a fluorescent dye that enters cells via endocytosis and gets confined to the vacuolar membrane 52 or with the vacuolar marker Vph1-mCherry ( Figure 1A) . A second pool of DAG was visualized in budding cells, where the C1-based probes associated with the plasma membrane of buds, gradually fading through the bud neck and into the plasma membrane of the mother cell ( Figure 1A ). Despite their structural differences, similar cellular distributions were observed for the two C1 constructs ( Figure 1A ). We then continued our studies with the C1δ-GFP sensor. Association of this DAG-sensor with cellular membranes (PS) were grown to stationary phase for 48 hours in selective medium at 30 C. Cells were then pelleted and resuspended in fresh media to allow growth resumption. Aliquots were removed from the cultures at the indicated time points and cells were imaged. Scale bar is 3 μm. C, Representative images displaying different DAG microdomain patterns (type I, II, III, no domain,) in wild-type cells expressing C1δ-GFP and endogenous Vph1-mCherry, grown as in B (left). Scale bar is 2 μm. Distinct vacuolar microdomain patterns unveiled by the DAG sensor were categorized and quantified in fields imaged over the indicated times (right). Graph bars represent the mean ± SD from three independent experiments (n = at least 100 cells for each). D, Wild-type cells expressing C1δ-GFP and the nuclear-vacuolar junction (NVJ) marker Nvj1-mCherry, were grown for 24 hours in defined media, diluted to OD600 of 0.2 and allowed to grow for additional 24 hours to reach stationary phase. Cells were then allowed to resume growth in fresh medium and imaged within the first hour. Scale bar is 2 μm was completely abolished when mutations known to affect DAG binding (conserved residues Pro11, 83 and Gln27, 99 to glycine in the C1δ tandem domains C1AB) 53 were introduced ( Figure S2A ), indicating functionality of the probe.
Since the C1δ domain also binds phorbol esters with high affinity 37 we next tested the ability of the probe to respond to the presence of the phorbol ester PMA in live yeast. In fact, incubation of wild-type yeast with PMA induced a rapid (<15 minutes) relocalization of C1δ-GFP from vacuolar membranes to the cell periphery ( Figure S2B ), indicating the probe was efficient at sensing the presence of PMA as it entered the cell and got enriched at the plasma membrane. This also implies that the probe can move between the cytosolic leaflets of intracellular membranes and is not irreversibly confined to one compartment. In the case of the vacuolar signal, its rapid disappearance and re-localization at the plasma membrane in the presence of PMA, reflects an initial association of the fluorescent probe from the cytosolic side of the organelle, as opposed to vacuolar internalization. Altogether these results indicate that these soluble C1-based probes fused to GFP are functional and capable of detecting cytosolic-facing DAG pools with specificity in yeast. Figure 1B ). Moreover, approaching 2 hours after addition of fresh medium, cells started to display fluorescent signal at the cell periphery, and by 3 hours this signal was mostly localized to the buds and disappeared from the boundary of mother cells ( Figure 1B) . In great contrast, the distribution of the PA binding probe, Spo20 57,58 remained relatively constant during the period studied ( Figure 1B) . We also used a fusion of GFP with the discoidin-like C2 domain of lactadherin (GFP-Lact-C2) to visualize the intracellular distribution of PS. As previously described 27 the fluorescence of GFP-Lact-C2 was circumscribed to the plasma membrane and it was often enriched in buds and bud neck. In contrast to the changes observed for DAG, no major variations in PS distribution were detected during growth resumption ( Figure 1B ).
| DAG microdomains are formed in the yeast vacuole during growth resumption from stationary phase
Throughout these investigations we noted that DAG-enriched areas of the vacuolar membrane were not homogenously distributed during re-entry to growth from stationary phase. Remarkably, in the first hours after growth restarted, a diverse array of DAG-enriched microdomains was observed ( Figure 1C ). Coexisting liquid ordered (Lo) and liquid disordered (Ld) microdomains were previously detected in the yeast vacuolar membrane in response to nutrient deprivation or changes in the pH of the growth medium, and other stresses. 59 The subunit of the vacuolar-ATPase V 0 domain, Vph1, emerged as a marker of Ld domains in previous studies. 59, 60 To assess the nature of the DAG-enriched domains, colocalization studies were performed using a strain expressing Vph1-mCherry from the endogenous locus transformed with the C1δ-GFP construct. Interestingly, DAG domains excluded Vph1, suggesting that DAG enriched areas are more ordered. Consistent with previous reports Vph1 distribution became more homogenous in growing cells (after 7 hours growth resumption) 59 ,61 largely merging with DAG-containing areas ( Figure 1C , "no domains" category). Furthermore, the NVJ marker Nvj1-mCherry colocalized with DAG-enriched areas during the re-entry growth period ( Figure 1D ) in agreement with the exclusion of Vph1 from the NVJ region. 59, 62 Yet, the formation of vacuolar DAG domains was not dependent on the presence of the NVJ as these domains were still detected in cells lacking Vac8 ( Figure S3 ), which is a vacuolar protein required for NVJ formation. This is also consistent with the fact that NVJ defects did not prevent the formation of vacuolar microdomains under nutrient starvation. 59 Furthermore, previous findings indicated that cells lacking the ER protein phosphatase subunit Nem1 displayed a strong decrease in the formation of vacuolar domains during starvation but not in response to cycloheximide, which suggests that Nem1
is not responsible for vacuolar microdomains formation under all conditions. 59 Notably, DAG-rich domains of the vacuolar membrane were still observed during growth resumption in nem1Δ (not shown). Therefore, Nem1 contribution to the lateral organization of the vacuolar membrane is not essential. Given the proposed role of Nem1-mediated activation of the PA phosphatase Pah1 as a metabolic switch to divert PA from phospholipids into TAG stored in LDs, 13 it was indeed anticipated for this pathway to be inactive during LDs consumption. Since Nem1-mediated dephosphorylation of Pah1 targets it to the NVJ, 13 our results are consistent with the fact that in the presence of ample glucose the NVJ shrinks 12 and Pah1 is found soluble in the cytosol. 13 Thus, our findings point to neutral lipid catabolism (as opposed to Nem1/Pah1 anabolic pathway) as a main supplier of DAG involved in the formation of vacuolar domains during re-entry of growth in the presence of glucose.
To determine whether TAG lipolysis is indeed required for the formation of DAG microdomains during growth resumption, we moni- Quantification of DAG pools associated with vacuoles, plasma membrane and puncta. Graph bars represent the mean ± SD (30 cells/transformant) for one of two experiments performed with independent transformants, ***P < 0.001; **P < 0.01; *P < 0.1 agreement with previous work highlighting the role of DAG in facilitating membrane curvature and the formation of nonbilayer intermediates during fusion of docked vacuoles in vitro. 44, 45 One source of DAG during this period of growth resumption, comes from consumption of LDs which appear tightly associated with the vacuolar membrane.
| DAG-rich vacuolar membranes interact with LDs upon growth resumption
In addition to DAG microdomains, cells also displayed intense DAG puncta close to vacuolar membranes during the initial hours after resuspension of cells in fresh medium ( Figure 3A ,B). We were inter- 2.4 | Reduced de novo fatty acid synthesis combined with lack of conversion of DAG to PA alters DAG distribution in vacuoles impacting sites of polarized growth
It was also noticed that in many cases a DAG-enriched punctum would break off the vicinity of the vacuole toward the plasma membrane, signposting the emergence of a budding site. We then set out to apply time-lapsed live-cell imaging to investigate this further. Using this approach, we confirmed that around 80% of budding cells exhibited a bright DAG punctum localized to the bud emergence site 15 to 30 minutes before the bud became noticeable in the bright field ( Figure 5A ). Therefore, the positioning of this DAG-rich structure seemed to correlate with polarization of growth. Another way to elicit highly polarized growth in yeast is to expose cells to mating pheromones like alpha-factor. 65 In response to this pheromone, haploid a cells acquire a pear-shaped morphology known as "shmoo" extending polarized projections. Strikingly, 1 hour after exposure of cells to alpha-factor, DAG-enriched puncta could be observed at the site where the mating projection started to emerge (
Figure 5B DAG generated through LD consumption upon re-entry of growth from stationary phase should be directed toward phospholipid synthesis to allow membrane proliferation. Conversion of DAG to PA by DGK1-encoded DAG kinase activity is a way of channeling DAG into glycerophospholipid synthesis. Since this metabolic step is important for proliferation during growth resumption and becomes essential in the absence of de novo fatty acid synthesis 10 we monitored the distribution of DAG pools in cells lacking Dgk1. It has been previously determined that dgk1Δ cells display a 45% increase in DAG levels 5 hours following transfer to fresh growth medium in the presence of the de novo fatty acid synthesis inhibitor cerulenin. 10 Interestingly, under these exact same conditions the changes detected in cells lacking Dgk1 in the presence of cerulenin were dramatic. DAG accumulated almost exclusively in a compacted compartment which was also intensely stained with FM4-64 ( Figure 6A ). This compartment resembled the previously described pre-vacuolar compartment or PVC, Since PS has also been found to localize to the tip of mating projections 27 we investigated the distribution of DAG in cho1Δ cells in response to the mating pheromone in the presence of an exogenous source of PS. Similar to the results obtained with budding cells, FIGURE 5 Establishment of a DAG pool at sites of polarized growth. A, Wild-type cells expressing C1δ-GFP (DAG) were grown to stationary phase for 48 hours in synthetic defined selective medium at 30 C, pelleted and resuspended in fresh media to allow growth resumption. Images were captured every 15 minutes time intervals for a total of 135 minutes. Arrows point to DAG puncta that dictate sites of bud appearance. Scale bar is 5 μm. B, Time-lapse imaging of log phase wild-type cells expressing C1δ-GFP at the indicated time points in the presence of 5 μM α-factor to monitor DAG response to shmoo formation. Images were pseudocolored using ImageJ. Scale bar is 2 μm. C, Log phase wild-type cells expressing endogenous Vph1-mCherry and the DAG sensor C1δ-GFP from a plasmid were cultured with 5 μM α-factor at 30 C. Cells were visualized at the indicated time points after the addition of α-factor. Arrows point to DAG-rich structures at polarized sites of growth. Scale bar is 2 μm FIGURE 6 Excess DAG accumulates in a vacuolar-associated compartment in cells lacking Dgk1 in conditions of enhanced TAG lipolysis. A, Wildtype or dgk1Δ cells expressing the DAG sensor C1δ-GFP were grown to stationary phase for 48 hours, and then allowed to re-enter growth for 5 hours in the presence or absence of 10 μg/mL cerulenin (see M&M for details). Scale bar is 2 μm. BF, bright field. Cells from experiments in the top panels were scored for the presence of the indicated categories. Data shown are means ± SD from three independent experiments (n = at least 130 cells for each). ***P < 0.001; **P < 0.01. (B) dgk1Δ cells were grown and treated as in (A) in the presence and absence of 10 μg/mL cerulenin and/or 1 mM choline. Images on the right are representative images for each treatment. Cells were scored for the presence of the indicated categories. Data shown are representative means ± SD for one of the three independent experiments; n = number of cells counted for each treatment. ***P < 0.001. Scale bar is 2 μm Phosphatidylserine synthesis and translocation contribute to the polarized localization of DAG. A, Wild-type and cho1Δ cells expressing C1δ-GFP (green) or Lact-C2-GFP (cyan) were grown to log phase at 25 C in the presence of choline and then stained for FM4-64.
Cells were then incubated with 1 mM choline (control) or 100 μM LysoPS in the absence of choline for 2 hours. B, Wild-type and drs2Δ cells expressing C1δ-GFP (green) were grown to log phase at 30 C and then stained for FM4-64. Cells were scored for the presence of DAG detected via C1δ-GFP at sites of polarized growth. Data shown are means ± SD from two independent experiments (n = at least 35 for each). ***P < 0.001. Scale bars are 2 μm. See Section 3 for details on FM4-64 staining. C, Representative wild-type and bem1Δ cells expressing C1δ-GFP grown to log phase and visualized by epifluorescence microscopy (left). Cells were scored for the presence of DAG detected via C1δ-GFP at sites of polarized growth (right). Data shown are means ± SD from three independent experiments (n = at least 27 for each). D, Representative wild-type and bem1Δ cells expressing Lact-C2-GFP grown to log phase and visualized by epifluorescence microscope. Scale bars are 2 μm localization of the DAG probe at the plasma membrane did not depend on the presence of PS, as the addition of LysoPS was effective at replenishing PS at the plasma membrane but failed to restore the formation of mating projections and the polarized localization of both DAG and PS ( Figure S4A ). It has been previously determined that the acyl tail composition of PS 2 hours after addition of LysoPS (18:1) to cho1Δ cells results in PS (16:0/18:1) being the most abundant species, similar to the untreated wild-type PS profile (47% in the mutant vs 44% in the wt). 27 We conducted our experiments in the presence of three different sources of LysoPS (C18:1, C16:0 or C18:0) consistently obtaining the same results ( Figures 7A and S4 ). All sources of LysoPS were effective at recruiting the PS-sensor to the PM, but failed to reestablish a normal distribution of the DAG-probe. Therefore, we discard an acyl chain deficiency associated with lack of reversion of this phenotype.
These results suggest that it is not the mere presence of PS at the plasma membrane, but its synthesis by Cho1/Pss1, that is required for It has been previously proposed that PS flip is part of a homeostatic mechanism that controls lateral segregation of protein and lipid domains at the TGN. 81 Furthermore, it was shown that the ATPdependent phospholipid flippase Drs2 is required for PS flipping at the TGN, which was also necessary for efficient segregation of cargo into exocytic vesicles. 81 To test if PS translocation and asymmetry are necessary for the establishment of a polarized DAG pool at the PM of budding cells, we investigated the localization of the C1δ-GFP probe in cells lacking Drs2 ( Figure 7B ). Remarkably, a rather uniform distribution of the DAG sensor in membranes of both mother and daughter cells was observed in the drs2Δ mutant, in addition to intracellular DAG-associated puncta. The lack of polarization is consistent with the DAG distribution displayed by cho1Δ cells, even after treatment with LysoPS ( Figure 7A ). Altogether these results imply that PS synthesis and its translocation in the TGN are necessary steps for the spatial segregation and enrichment of DAG pools at sites of polarized growth. Notably, a mutant lacking the scaffold protein Bem1 necessary for polarization in budding yeast 82 still displayed an asymmetric distribution of the DAG-probe at the plasma membrane ( Figure 7C) .
Similarly, the fluorescence signal of the PS-sensor GFP-Lact-C2
showed differential accumulation in distinct regions of the membrane of bem1Δ cells ( Figure 7D ). Thus, DAG enrichment seems to be part of the spatial cue that precedes recruitment of proteins involved in establishing cell polarity and morphogenesis, which is known to be dependent on PS. 27 The formation of a polarity patch rich in both DAG and PS could be initiated at the TGN where lateral segregation of protein and lipid domains have been linked to PS flip. 81 The TGN contains a large pool of DAG that results from synthesis of complex sphingolipids. 83, 84 Lack of colocalization of the C1δ-GFP sensor with Golgi markers suggests this pool is not facing the cytosol ( Figure S5 ). The first step that generates DAG is catalyzed by the PI:ceramide phosphoinositol transferase Aur1. 85, 86 Moreover, this pool of DAG regulates the G1 to S transition and proliferation of yeast cells. 86 We next investigated the impact of DAG derived from sphingolipid metabolism in the Golgi, on the distribution of DAG at sites of polarized growth. For this purpose, we trea- gene encodes an essential serine palmitoyltransferase that catalyzes the first step in sphingolipid synthesis. The lcb1-100 allele is defective in serine palmitoyltransferase, such that the rate of sphingolipid synthesis proceeds at only 38% that of wild type at 25 C. 91 Interestingly,
we found that the vacuolar pool of DAG was absent in this mutant, and the DAG-sensor was mostly associated with the plasma membrane ( Figure 8C ). No major differences in the localization of the PS FIGURE 8 Inhibition of complex sphingolipid synthesis exposes a DAG pool at the ER. A, Wild-type cells expressing C1δ-GFP were grown to log phase at 30 C, incubated with FM4-64 as described in Section 3, treated with or without Aureobasidin A (0.25 μg/mL) for 2 hours and imaged using confocal microscopy. Arrowheads point to ER membranes revealed by the DAG sensing probe; v, vacuole. Scale bar is 3 μm (top). ER and vacuolar membrane association as revealed by the DAG sensing probe was quantified. Data shown are representative means ± SD for one the four independent experiments (n = total of 38 cells were scored for each) ***P < 0.001; **P < 0.01 (bottom). B, Wild-type cells expressing the DAG sensor C1δ-GFP and the ER marker HDEL-DsRed were grown to log phase at 30 C, treated with or without Aureobasidin A (0.25 μg/mL) for 2 hours and imaged using confocal microscopy . Arrowheads point to perinuclear ER. Scale bar is 3 μm. C, The lcb1-100 strain and its isogenic wild type were grown to log phase at 25 C, incubated with FM4-64 as described in Section 3 and imaged using confocal microscopy. Scale bar is 3 μm probe was observed (data not shown), implying sphingolipid metabolism specifically affects DAG distribution. Collectively, these data indicate that sphingolipid synthesis at the TGN contributes to the DAG pool at sites of polarized growth.
| Concluding remarks
Localization of DAG pools to the vacuole and sites of polarized growth is consistent with the biophysical properties of DAG and the highly dynamic character of these cellular compartments, where vesicle fusion is constantly taking place. The changes and geometries associated with the distribution of DAG in vacuolar membranes during growth resumption from stationary phase ( Figure 1C ) resemble those recently described for expanded raft-like domains in this organelle. 59, 60, 92 While those domains were detected during stationary phase in relation to the engulfment of LDs by a microautophagic mechanism, the DAG-rich domains revealed herein were formed during growth re-entry in a process dependent on LD-resident lipases Tgl3 and Tgl4 and the vacuolar lipase Atg15 (Figure 2 ). Although sterols were associated with these raft-like domains, DAG could also form similar structures. Indeed, it has been shown that dipalmitoylglycerol can displace cholesterol from lipid rafts, forming larger and more stable domains. 93 Mobilization of neutral lipids stored in LDs upon growth resumption from stationary phase would result in a local increase in the levels of both DAG and sterols in associated vacuolar membranes. Interestingly, it has been determined that both of these lipids play a role in yeast homotypic vacuole fusion in vitro. 45, 94 Lack of conversion of DAG to PA in conditions of enhanced TAG lipolysis could therefore result in expanded DAG-rich domains that induce the enlargement of vacuolar-associated compartments like those observed in dgk1Δ mutants treated with cerulenin ( Figure 6 ). We directly tested the ability of DAG to form domains in comparison to PA and in a 1:1 mixture of PA and DAG. Monolayers of pure DAG or PA visualized using Brewster angle microscopy indicated these two lipids can form immiscible domains with different sizes and different shapes ( Figure 9 ). While the DAG domains were small and circular, the PA domains were larger and more branched. As these films were further compressed, the domains coalesced together and form homogenous monolayers (not shown). In the 1:1 molar DAG:PA mixture, however, the circular and branched domains phase separated, suggesting the two lipids are immiscible, and that DAG is forming condensed domains separate of PA ( Figure 9 ). Additionally, these two lipids did not readily mix as much higher surface pressures were required for the domains to coalesce (not shown).
In faster timescale than phospholipids. 35 In a study conducted in mammalian cells, the asymmetric distribution of a DAG pool present in the outer leaflet of the PM was shown to be dependent on the presence of sphingolipids. 96 Interestingly, reduced levels of sphingolipids allowed movement of this DAG pool to the inner leaflet of the PM, facing the cytosol. 96 Our data suggests that altered levels of sphingolipid precursors in the ER (sphingosine/ceramides) may be responsible for the changes observed in DAG distribution between vacuolar and ER membranes. Further work into studying how DAG relates to sterol and ceramide movement in yeast during sorting of these lipids in the endomembrane system and in the establishment of PS and sphingolipid asymmetry at the TGN/PM is warranted.
| MATERIALS AND METHODS
| Materials
Unless otherwise indicated, all reagents were purchased from Fisher 
| Yeast strains and plasmids
Detailed information on yeast strains and plasmids used in this study is provided in Table 1 . The DNA sequence of the tandem rat C1 domain of PKCδ fused to GFP was PCR amplified from GFP-C1(2)δ mammalian expression plasmid. 36 SpeI and HindIII sites were engineered in the forward and reverse primers, respectively, to allow subcloning into the centromeric plasmid p416 GPD (CEN, URA3). 97 QuikChange Lightning
Multi Site-Directed Mutagenesis Kit (Agilent) was used to generate mutations P11G, Q27G, P83G and Q99G in the tandem C1A/ C1B sequences in p416GPDC1δ-GFP. All primers used are listed in Table 2 .
The DNA sequence of GFP fused to the tandem C1 domain of Mus musculus PKD1 was PCR amplified using gateway compatible primers (Table 2 ) from a GFP-PKD1-C1 mammalian expression plasmid (a kind gift from G Fairn, University of Toronto). The amplified product was then cloned into Gateway pDONR221 donor vector (ThermoFisher) and then subcloned into the yeast Gateway destination vector pAG416GPD-ccdB. 98 Plasmid sequences were confirmed by standard DNA sequencing (DNA sequencing facility, University of Calgary).
The VPH1 gene with the LEU2 marker sequences were PCR amplified from genomic DNA obtained from CWY7129 60 strain using primers listed in Table 2 . These primers were engineered with sites upstream and downstream of VPH1 gene to allow homologous recombination to take place during transformation of yeast with the amplified PCR products.
Transformants were then selected in plates lacking leucine.
| Growth conditions
Yeast strains were grown in synthetic defined minimal medium (SD:
0.67% yeast nitrogen base without amino acids, 2% glucose). Amino For experiments using the lcb1-100 strain and its isogenic wildtype, cells were grown at 25 C.
| Formation of mating projections
Cells were diluted from an overnight culture and grown to approximately 5 × 10 6 cells/mL before incubation with 5 μM α-factor (Peptide Services, University of Calgary). Aliquots of cells for imaging were taken at the indicated time points from a culture kept at 30 C.
For time-course experiments an aliquot of cells was taken immediately after the addition of α-factor and imaging was done on an agarose pad containing 5 μM α-factor.
For experiments with exogenous lysolipids involving cho1Δ transformants treated with α-factor, 5 × 10 6 cells/mL cultures were first incubated with 100 μM lysoPS for 30 minutes at 25 C. After verifying that the lysoPS was successful in restoring localization of the Lact-C2
probe to the plasma membrane in cho1Δ cells, α-factor was then added to a final concentration of 5 μM and incubated for an additional 150 minutes at 25 C before imaging.
| Microscopy
Unless otherwise indicated, all cells were mounted on 2% agarose pads made in respective growth medium on the microscopy slides.
For log phase vacuolar staining, cells were pelleted, incubated with 32 μM FM4-64 for 15 minutes at the indicated temperatures, washed twice, and allowed to grow for an additional 30 minutes before imaging. 
| Brewster angle microscopy
Lipids were dissolved in organic solvent to a concentration of 1 mg/mL (chloroform was used for DMG, while a 6:4 chloroform: methanol (vol/vol) solution was used to dissolve DMPA and the 1:1 DMG:DMPA molar mixture. A 720 cm 2 teflon trough was filled with a 400 mL subphase of highly purified Millipore water (resistivity of 18.2 MΩ cm). In a drop wise manner 40 μL of the respective lipid mixture were deposited on the water surface. Following a 10 minutes period to allow for the evaporation of the organic solvent, the monofilms were compressed and stopped at specified pressures for visualization using Brewster angle microscopy (BAM). Images were obtained using the EP3 imaging ellipsometer (Accurion) and commercially available EP3 view software. All samples were imaged at least three times at the reported pressures over the course of their compression with all images having a lateral resolution of 1 μm.
| Western blot analysis
Protein concentration was determined using the BCA assay (Thermo Scientific) with bovine serum albumin as a standard. Samples were resuspended in 1× GLB and boiled for 1 minute. SDS-PAGE was carried out by the method of Laemmli. 101 Proteins were separated by 8% resolving gel containing trichloroethanol (TCE, Sigma) to visualize proteins without staining. 102 Proteins were transferred to a polyvinylidene fluoride (PVDF) membrane (Millipore) using a Bio-Rad transfer system at 100 v for 1 hour, and then stained with red Ponceau 
| Statistical analysis
Statistical analysis of microscopy images was performed using two- 
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